We used intensity-dependent prism coupling of poly[2-methoxy-5-(2Ј-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) waveguides to measure the nonlinear absorption coefficients and nonlinear refractive indices of these waveguides in the range 700-1200 nm. The material's strong nonlinearity combined with low linear waveguide losses (Ͻ1 dB/cm) led to promising figures of merit and have made it attractive for use in all-optical switching applications at wavelengths of Ͼ1150 nm.
INTRODUCTION
Optically induced refractive-index changes can have many applications, e.g., for all-optical switching in waveguide devices. 1, 2 This requires strong cubic optical nonlinearities of the materials, which have refractive index n and absorption coefficient ␣ and which depend on light intensity I as n ϭ n 0 ϩ n 2 I,
where n 2 and ␣ 2 are nonlinear refractive-index and nonlinear absorption coefficients, respectively. The materials requirements for all-optical waveguide switching can be formulated in terms of figures of merit 1,2 (FOMs)
at the working wavelength of the device. Quantitative data of W and T are still rare because there have been considerable experimental difficulties in measuring the dispersions of all required linear and nonlinear optical coefficients. [1] [2] [3] [4] Therefore tables of FOMs often contain extrapolations and estimates rather than data actually measured at .
2-4
Conjugated polymers combine structural flexibility, relative ease of waveguide preparation, and high thirdorder nonlinearity. 5, 6 Poly( p-phenylenevinylene) (PPV) and its derivatives [7] [8] [9] [10] [11] [12] [13] [14] promise to be particularly useful. Recently it was found that appropriate synthesis yields highly pure poly[2-methoxy-5-(2Ј-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV; Ref. 15) , which can be processed into waveguides with losses lower than 1 dB/cm. 9, 16 Its absorption spectrum and chemical structure are shown in Fig. 1 .
Prism coupling of waveguide modes is a well-known and accurate technique for measuring the refractive indices of thin films. [17] [18] [19] At high incident light intensities, nonlinear coupling of waveguide modes can occur. This nonlinear coupling leads to intensity-dependent shifts of the coupling angles, which have been studied with prism couplers 20, 21 and grating couplers. 22 Nonlinear waveguide coupling has engendered much additional interest because of its potential for applications in optical switching and bistability. 23, 24 We have developed a method with which to evaluate the absolute values and signs of n 2 and ␣ 2 by means of intensity-dependent prism coupling. 25 Here we use this method to study MEH-PPV waveguides, especially the dispersion of ␣ 0 , ␣ 2 , and n 2 in the near infrared. Our research is aimed at studying the dispersions of W and T and identifying spectral windows for which the figures of merit appear most promising for alloptical switching in waveguide devices.
totally reflected at the prism base. Its evanescent field can extend across the air gap and is able to excite a waveguide mode at discrete coupling angles m , where m ϭ 0,1,2,... is the mode number. Consequently, reflected intensity I R has relative minima at m because of absorption and scattering losses in the film (see Fig. 3 ).
Nonlinear prism coupling occurs when the incident intensity I 0 is so large that the refractive index of the film becomes intensity dependent. Because this is the only nonlinear medium considered here, we write n f (I) ϭ n 0 ϩ n 2 I to keep the notation of Eq. (1). Following Eq. (2), we write the intensity-dependent absorption coefficient of the film as ␣ f (I) ϭ ␣ 0 ϩ ␣ 2 I. The intensity dependencies of n f and ␣ f will lead to intensity-dependent changes in coupling angles m and in minimum values of reflected intensities I R , respectively. By proper interpretation of these intensity-dependent changes, n 2 and ␣ 2 can be evaluated.
B. Numerical Model of the Prism-Film Coupler
The well-established theory of Tien and Ulrich treats the linear case of prism coupling in the limit of low intensities. [17] [18] [19] It is based on plane-wave analysis and the use of Fresnel coefficients. To take into account deviations from a uniform incident-beam profile as well as nonlinear effects, here we use the coupled-wave equations for the spatial distributions of the electric fields of the guided wave a gw ( y, z, t) and the reflected wave a R ( y, z, t), which were derived by Carter and Chen 26 and extensively studied by Assanto et al.
where
and k 0 ϭ 2/. Angles and ␥ are indicated in Fig. 2 , and denotes the vacuum wavelength. Basically, Eqs.
(5) and (6) are rate equations for the electric fields transmitted into and out of the film, where a in is the electric field of the incident light at the base of the prism, ␤ m (I gw ) is the mode propagation constant, which, in the most general case, depends on intensity I gw of the guided wave, and ␣ gw (I gw ) denotes the attenuation coefficient of the waveguide that describes light-scattering losses and intensity-dependent absorption. Coupling coefficients t in and t out describe the transfer of the electric fields into and out of the wave-guiding film, respectively. Coefficient r pf denotes the reflected electric field strength for light incident from the prism to the prism-air-film boundary with the film-substrate boundary removed. These three coefficients were given previously in Ref. 25 , where the formalism was described in detail.
Function a in ( y, z, t) is assumed to have a Gaussian shape, and Eqs. (5) and (6) are integrated numerically. Then the reflected intensity is calculated: Fig. 1 . Chemical structure and linear absorption spectrum of a thin film of MEH-PPV after correction of reflection losses at interfaces. 
The result of numerical calculations for I R () can be compared with the experimentally measured coupling curves.
The quantitative comparison needs all parameters of the prism-film coupler. It is important to point out that, whereas most of the parameters can be directly measured, such is not possible for the air gap, which needs special attention.
C. Air Gap
As is shown in Fig. 2 , when the film is pressed against the prism an air gap forms between them. In general, this air gap is not uniform but has some kind of parabolic profile with minimum thickness at the center of the prism and increasing width toward the edges. As an approximation in the numerical model, it can be replaced by a uniform gap with thickness d a and length l a over which efficient coupling exists; see Fig. 2 . Neither d a nor l a can be measured directly, but they both can be determined with sufficient accuracy. To determine l a we shifted the incident beam's position at the prism base and measured the coupling curves at every position. When the incident beam deviated from the center of the prism, we observed a decrease in coupling efficiency. For wide shifts, the coupling disappeared entirely. In such a way we estimated l a as a region over which we had efficient coupling.
In most cases l a was of the order of 2 mm. The air gap's thickness, d a , cannot be measured directly, but it can be adjusted by increasing or decreasing of the clamping pressure. Changes in d a strongly influence the minimal reflection R min at the center of the coupling curve ( ϭ m ) and slightly influence the resonance position ( m ) itself. This effect is caused by modification of the free waveguide modes by the presence of the prism and was described in the early papers of Tien and Ulrich. 17, 18 In Fig. 3 we show an example of coupling curves measured at three clamping pressures and of their numerical fit. We performed detailed numerical calculations of minimal reflection versus air-gap thickness for various coupling parameters. The results are displayed in Fig. 4 . For any set of parameters, a minimum of R min (d a ) is observed, and we call it the optimal coupling situation. We used the following procedure to determine d a . The clamping pressure, and consequently also d a , was gradually changed, and the coupling curves were measured at low input intensities (linear case) until optimal coupling was achieved. This curve at optimal coupling was fitted by use of the numerical model described above, with two fit parameters only: linear refractive index n 0 and linear loss coefficient ␣ gw of the film. Now with known n 0 and ␣ gw it is straightforward to determine d a for any clamping pressure just by fitting the corresponding coupling curves measured at low intensity as in Fig. 3 .
Another important question connected with the air gap is, Which thickness d a is most suitable for observations of intensity-dependent changes of the coupling curves and the evaluations of n 2 and ␣ 2 ? It is clear from Fig. 4(a) that, if the air gap is too large (the so-called undercoupled situation), changes in absorption coefficient ␣ practically do not change the minimal reflection R min , the parameter that we measure experimentally. If d a is small, however (the so-called overcoupled situation), even small changes in ␣ lead to significant changes in R min . Of course, too strong overcoupling is also not desirable, as it leads to a decrease in intensity of the guided wave. A comparison of Figs. 4(a) and 4(b) shows that another important parameter is the ratio between incident beam diameter d b at the prism base and air-gap length l a . Minimal reflection R min depends strongly on absorption if the incident beam's size d b is considerably smaller than air-gap length l a [ Fig. 4(a) ]. In conclusion, slight overcoupling and incident beam size d b a few times smaller than air-gap length l a are preferable conditions for sensitive detection of intensity-dependent changes in the coupling curves.
EXPERIMENT
Our experimental setup is based on an actively-passively mode-locked Nd:YAG laser with a double-pass amplifier (EKSPLA Model PL 2143B). The frequency-doubled pulses of the laser (energy, 8-10 mJ; repetition rate, 10 Hz) were used to pump an optical parametric generatoramplifier configuration (EKSPLA Model PG 501). The optical parametric generator produced tunable signal and idler pulses in the range 680-2200 nm. Typical energies of signal or idler pulses were in the range 200-500 J. The temporal pulse profile was determined by background-free autocorrelation of second-harmonic generation and was well fitted by a Gaussian line-shape func- tion. We obtained a pulse duration of FWHM ϭ 16 Ϯ 2 ps, which did not depend significantly on the wavelength of the signal or the idler pulse. The absolute pulse energy in front of the prism was measured with a pyroelectric detector (Laser Probe Model RjP-735). The beam profile was measured with a beam profiler (Exitech). The intensity of the laser pulses was varied by means of a polarization attenuator consisting of a Fresnel rhombus and a polarizer.
A spatial filter was used to improve the spatial profile of the pulses and to focus them to the prism base, as shown in Fig. 2 . Typical beam diameters at the prism base were approximately 0.3-0.5 mm. We used prisms made from LsF18 and SF59 glass, which had a prism angle of ␥ ϭ 60°. The prisms were mounted upon the arm of a precision 2 rotation stage. Its angular resolution was 0.01°, and the reproducibility was better than 0.005°. The reflected beam was detected by photodiode PD 2 mounted upon the 2 arm of the rotation stage.
Highly pure MEH-PPV was synthesized as described earlier. 15 Thin-film waveguides of MEH-PPV were prepared by spin coating of toluene solutions upon fusedsilica substrates, followed by thermal annealing at 60°C for approximately 12 h in vacuum (pressure below 10 Ϫ4 hPa). The details of preparation and characterization of the films were described separately. 16 The film thicknesses were measured with a step profiler (Tencor Instruments Models ␣-Step200 and P-10). Absorption spectra were obtained with a spectrophotometer (PerkinElmer Model Lambda 9).
Thin films upon fused-silica substrates were pressed against the base plane of the prism by means of a springloaded clamping screw. The signal of PD 2 was measured with a boxcar (Stanford Research Systems Model SR 250) integrating amplifier. Simultaneously the signal of photodiode PD 1 mounted in front of the prism to monitor the incident intensity of the beam was measured with the same boxcar device. To reduce the problem of intensity fluctuations of the optical parametric generator output, we selected and amplified only such pulses that were located within a narrow energy window at PD 1 . The ratio of the reflected to the incident pulse energies at PD 2 and PD 1 was evaluated for each pulse and averaged over 30-50 pulses. In this way, normalized reflected intensity I R was obtained.
EXPERIMENTAL RESULTS AND DISCUSSION
The following procedure was used for evaluation of n 2 and ␣ 2 . First, all parameters of the prism coupler, d a , d b , and l a , were measured or determined as described above. For sensitive detection of intensity-dependent changes ⌬␣ and ⌬n, we adjusted air gap d a for a slightly overcoupled situation and focused the incident laser beam on the prism base to a size d b that was a few times smaller than air-gap length l a . Then normalized reflected intensity I R was measured as function of angle of incidence for increasing incident intensities. Typical experimental coupling curves measured for three energies of the incident pulses are shown in Fig. 5 . The intensity-dependent shifts of the coupling curves were fully reversible. The angular shifts of the minima ⌬ m are directly related to a change in refractive index of the film, ⌬n f . We observed remarkably large ⌬n f , up to 10 Ϫ3 , with complete reversibility of the coupling curves.
The changes ⌬n f and ⌬␣ f are not uniform everywhere in the film but follow a bell-shaped distribution of the guided wave's intensity in the mode-propagation direction and a cos 2 distribution (for the TE 0 mode) in the direction perpendicular to the plane of the film. Nevertheless it is possible, as an approximate approach, to replace this distributed change in n f and ␣ f in the case of small nonlinearities and moderate input intensities with uniform changes:
The average guided wave intensity ͗I gw ͘ is calculated as described previously. 25 The last step for determination of n 2 and ␣ 2 is to make numerical fits to experimentally measured coupling curves. In this approximate approach the intensity dependences of ␤ m (I gw ) and ␣ gw (I gw ) in Eq. (5) are neglected, and the fits in Fig. 5 are calculated by use of two parameters only, n f and ␣ f . Finally we calculate n 2 and ␣ 2 from the intensity-dependent changes in ⌬n f and ⌬␣ f , using Eqs. (9) and (10) .
In a second, more rigorous approach, we took into account the nonuniform distribution of ⌬n f and ⌬␣ f by exact solution of Eq. (5). These two approaches led to nearly identical results for n 2 and ␣ 2 . Therefore we prefer and use the simpler approach.
We performed intensity-dependent prism-coupling experiments for many laser wavelengths in the region 680 nm Ͻ Ͻ 1180 nm. The spectral dependence of the linear waveguide losses ␣ gw , which result from linear absorption ␣ 0 plus light-scattering losses, is shown in Fig.  6(a) . The filled circles represent results calculated from Fig. 5 . TE 0 waveguide modes of a 590-nm-thick film of MEH-PPV upon a fused-silica substrate that were excited with prism coupling at laser wavelength ϭ 1080 nm. The angular dependencies of the reflected intensities I R were measured at the pulse energies shown (measured in front of the prism). The lines were calculated by means of our numerical model and fitted to the experimental points. Air gap thickness d a ϭ 240 nm was held constant. Only n f and ␣ f of the film were varied to fit the measurements at the three energies (0.07 J: n f ϭ 1.655,
low-intensity coupling curves of our prism-coupling experiments. Additional data are shown for comparison that were obtained by separate waveguide attenuationloss measurements 16 at the wavelengths of He-Ne and Nd:YAG lasers from the experimental setup described earlier. 27 The good agreement of the results of the two experiments confirms the validity of our numerical model of the prism-film coupler in general and the appropriate description of the air gap in particular. Moreover, it shows that prism coupling can be used successfully as a method for determination of waveguide losses. It can be seen from Fig. 6(a) that, whereas linear loss is quite large at the shorter wavelengths, it decreases toward the near infrared, and ␣ gw becomes as low as 0.5 dB/cm for Ͼ 1050 nm. This means, first, that linear absorption is low at these wavelengths and, second, that we were able to process MEH-PPV to high-quality waveguides with the required low attenuation losses for practical applications.
The spectral dependence of nonlinear absorption coefficient ␣ 2 is shown in Fig. 6(b) . High values of ␣ 2 were measured near ϭ 800-850 nm that are caused by strong two-photon absorption. Unfortunately, we have no data on ␣ 2 for Ͻ 800 nm because of the increasing linear absorption, which makes it difficult to determine ␣ 2 . At Ͼ 1000 nm, ␣ 2 decreases toward the detection limit and does not show any other significant resonance.
The spectrum of nonlinear refractive index n 2 is shown in Fig. 6(c) . We observe negative values of n 2 at Ͻ 980 nm. Near 980 nm the nonlinear refractive index is zero; it becomes positive toward longer wavelengths. We observe a maximum of n 2 at ϭ 1080 nm with n 2 as large as 2.2 ϫ 10 Ϫ13 cm 2 /W. We interpret the main spectral features of the dispersions of ␣ 2 and n 2 as being due to two processes: First, the broad maximum of ␣ 2 at approximately 830 nm is caused by two-photon absorption, which is in general agreement with the peak observed in the two-photon excitation spectra of the fluorescence of related materials. 28 Second, the negative n 2 data from 680 to 950 nm are assigned to saturable absorption, which is the dominant nonlinear optical process that occurs for intense laser pulses at the long-wavelength tail of the main absorption band displayed in Fig. 1 . 29 The ␣ 2 and n 2 spectra are correlated, and their typical dispersions were studied experimentally and by model calculations previously. 25 We hesitate to perform a quantitative fit and correlation of the data shown in Figs. 6(b) and 6(c) because many fit parameters are still unknown. Therefore we reserve this task to further study.
If we compare the linear and nonlinear optical spectra of MEH-PPV with unsubstituted PPV, 25 we can see distinct similarities and differences: Both polymers have two-photon energy levels above the main one-photon exciton state, in accordance with theory. 30 But the ␣ 2 spectrum of MEH-PPV is rather broad and featureless and shows a long tail toward lower energies, in contrast to the ␣ 2 spectrum of PPV, which consists of two well-resolved peaks with much smaller spectral widths. 25 This difference in linewidths is also seen in the linear absorption spectra: Fig. 1 shows a featureless absorption band of MEH-PPV in contrast to the absorption spectrum of PPV, which displays well-resolved vibronic states. These differences can be attributed to the morphologies of the two polymers. The substitution leads to rather amorphous MEH-PPV films, which explains their low waveguideattenuation loss coefficients. However, the polycrystalline morphology of PPV is well known 31, 32 and is responsible for the small linewidths of the optical spectra as well as for the large waveguide-scattering losses.
The engineering issues and stability of MEH-PPV have been discussed separately. 16 Similarly to other conjugated polymers, MEH-PPV shows photo-oxidation if it is exposed in ambient air to wavelengths of light smaller than the onset of the main absorption band at 570 nm. But this problem can be solved by appropriate film preparation at inert atmosphere and encapsulation. At the laser wavelengths of this study (680-1200 nm) we did not see any degradation of MEH-PPV, even in ambient air. We studied the thresholds for ablation damage of PPV and MEH-PPV at high intensities by exposure of these polymers to 30-ps pulses at 1064 nm and observed a damage threshold for PPV at 5 GW/cm 2 but no damage to MEH-PPV up to 12 GW/cm 2 . 16 We used our measured ␣ gw , ␣ 2 , and n 2 to calculate the spectral dependence of the FOMs T and W given in Section 1. We used total loss coefficient ␣ gw instead of ␣ 0 and a light intensity I ϭ 1 GW/cm 2 , as in earlier estimates of W. 2 The dispersions of W and T are shown in Fig. 7 . W is very large (as much as W ϭ 22) near 1080 nm according to the maximum nonlinear refractive index. The dispersion of T, displayed in Fig. 7(b) , shows high val- ues at short wavelengths owing to strong two-photon absorption. We can observe a divergence of T at 980 nm because n 2 is zero at this wavelength [see Fig. 6(c) ]. Toward longer wavelengths T decreases, and we measured values of the order of T Ϸ 1.6 at ϭ 1180 nm, where W is still larger than 1. We conclude that MEH-PPV has quite promising FOMs W and T for all-optical waveguide-switching applications at Ͼ 1150 nm.
It is interesting to compare MEH-PPV with other possible candidates for all-optical switching applications. A survey of the FOMs of various material systems, i.e., dielectrics, semiconductors, and organic materials, was reported earlier. [1] [2] [3] [4] Conjugated polymers have stimulated particular interest, as they combine good waveguideforming properties with high third-order nonlinearities. Several PPV derivatives were investigated by means of Z-scan and degenerate four-wave mixing experiments at 800 nm. 33 T Ͼ 1 was found at 800 nm and assigned to strong two-photon absorption. By Mach-Zehnder interferometry and spectral broadening experiments, the FOMs of DPOP-PPV and Rco 52-PPV were measured in the range 780-980 nm. 13 It was observed that T decreased significantly when was detuned from twophoton resonance. These trends, seen in the results of other studies, 13, 33 are consistent with our results for MEH-PPV. But MEH-PPV has the largest W FOM of all PPVs described so far, to the best of our knowledge.
SUMMARY AND CONCLUSIONS
We have carried out a refined evaluation of intensitydependent prism coupling. Prism coupling allows us to determine the signs and absolute values of nonlinear refractive index n 2 and nonlinear absorption coefficient ␣ 2 of thin films with high sensitivity and accuracy. Our new evaluation method is based on a quantitative determination of air-gap thickness by means of numerical simulations of measured angular dependencies of prism coupling.
By means of picosecond laser pulses with tunable wavelength, we performed nonlinear waveguide spectroscopy of the conjugated polymer MEH-PPV in the near infrared.
We measured fully reversible, intensitydependent changes in the refractive index as large as ⌬n ϭ 10 Ϫ3 . The measured data of n 2 , ␣ 2 , and the waveguide-attenuation loss ␣ gw allow us to obtain the spectral dependencies of figures of merit in the range 800-1200 nm. We have concluded that use of MEH-PPV appears quite attractive for all-optical signal processing at wavelengths larger than 1150 nm.
